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Crystal Structure of a Human Alkylbase-DNA
Repair Enzyme Complexed to DNA: Mechanisms
for Nucleotide Flipping and Base Excision
(Larson et al., 1985). With the exception of O6-methyl-
guanosine, which is repaired by a direct methyl transfer
reaction (Pegg et al., 1995), most chemically modified
bases in DNA are excised by lesion-specific N-glycosyl-
ases that cleave damaged bases from the deoxyribose
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sugar of the DNA backbone (Cunningham, 1997; KrokanHarvard Medical School
et al., 1997; David and Williams, 1998). The resultingBoston, Massachusetts 02115
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nuclease, a DNA polymerase, and DNA ligase, restoringHarvard University
the original DNA sequence. The human DNA base exci-Cambridge, Massachusetts 02138
sion-repair enzyme 3-methyladenine DNA glycosylase,³Department of Cancer Cell Biology
alternatively named alkyladenine glycosylase (AAG; Sam-Harvard School of Public Health
son et al., 1991), MPG (Chakravarti et al., 1991), or ANPGBoston, Massachusetts 02115
(O'Connor and Laval, 1991), is the only identified base§Department of Cell Biology and Genetics
excision glycosylase that repairs alkylation damage inErasmus University
humans. AAG removes 3-methyladenine and a wide vari-3000 DR Rotterdam
ety of other damaged bases from DNA, including cyclicThe Netherlands
etheno adducts of adenine and guanine, hypoxanthine,‖The Graduate Program in Biophysics
8-oxoguanine, and various adducts of nitrogen mus-Harvard University
tards used in cancer chemotherapy (O'Connor, 1993;Cambridge, Massachusetts 02138
Dosanjh et al., 1994; Saparbaev and Laval, 1994; Sapar-
baev et al., 1995; Hang et al., 1996; Mattes et al., 1996).
The comparison of glycosylase activities in cell extractsSummary
from wild-type and AAG knockout mice establish that
AAG is the principal enzyme acting on 3-methyladenine,DNA N-glycosylases are base excision-repair proteins
1,N6-ethenoadenine, and hypoxanthine (Engelward etthat locate and cleave damaged bases from DNA as
al., 1997; Hang et al., 1997). This broad substrate speci-the first step in restoring the genetic blueprint. The
ficity raises the question of what features of the dam-
human enzyme 3-methyladenine DNA glycosylase re-
aged base are recognized by the enzyme. These le-
moves a diverse group of damaged bases from DNA,
sioned bases have few features in common, and several
including cytotoxic and mutagenic alkylation adducts
of these substrates are known not to distort the double
of purines. We report the crystal structure of human
helical structure of DNA (Xuan and Weber, 1992; Ezaz-
3-methyladenine DNA glycosylase complexed to a Nikpay and Verdine, 1994; Leonard et al., 1994). Here
mechanism-based pyrrolidine inhibitor. The enzyme we report a 2.7 AÊ crystal structure of AAG complexed
has intercalated into the minor groove of DNA, causing to DNA containing a transition state mimic of the glyco-
the abasic pyrrolidine nucleotide to flip into the en- sylase reaction, a pyrrolidine abasic nucleotide, which
zyme active site, where a bound water is poised for is a potent inhibitor of excision-repair glycosylases
nucleophilic attack. The structure shows an elegant (SchaÈ rer et al., 1995, 1998). In this complex, the pyrroli-
means of exposing a nucleotide for base excision as dine is flipped out of the DNA duplex into the active site
well as a network of residues that could catalyze the of the enzyme. A tyrosine inserts into the minor groove of
in-line displacement of a damaged base from the the DNA where it intercalates into the space left by the
phosphodeoxyribose backbone. flipped-out abasic nucleotide, serving as a surrogate
base that stabilizes the DNA distortion. In the enzyme
Introduction active site, a water molecule is positioned for attack
of the flipped-out abasic nucleotide. This geometry is
As a genetic storehouse, DNA is remarkably unstable consistent with a direct, in-line displacement of dam-
and subject to chemical modifications by a variety of aged bases from DNA by the glycosylase reaction.
reactive intracellular and environmental agents. The
bases of DNA are nonenzymatically alkylated by cellular Results and Discussion
metabolites, environmental toxins, and the alkylating
agents used in the treatment of cancer (Rydberg and We crystallized an enzymatically active fragment of AAG
Lindahl, 1982; Singer and Grunberger, 1983; Barnes et that lacks residues 1±79 of the full-length protein, com-
al., 1993; Mackay et al., 1994; Friedberg et al., 1995; plexed to a pyrrolidine-containing DNA duplex (SchaÈ rer
Taverna and Sedgwick, 1996). Some of these base modi- et al., 1995). This protein fragment was identified by
fications are mutagenic, causing errors in DNA synthesis limited proteolysis, and its enzymatic activity and DNA
(Singer and Grunberger, 1983; Friedberg et al., 1995), binding specificity are identical to those of longer protein
whereas others pose a lethal block to DNA replication constructs. The nonconserved, N-terminal segment of
the mammalian 3-methyladenine DNA glycosylases ap-
parently contributes little to their recognition of sub-# To whom correspondence should be addressed (e-mail: tome@
jeckle.med.harvard.edu). strates or to N-glycosylase activity (O'Connor, 1993; Roy
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Table 1. Data Collection and Refinement Statistics
Data Collection
SeMet-1 SeMet-2 SeMet-3 SeMet-4 Native
Wavelength (AÊ ) 1.0100 0.9787 0.9784 0.9500 1.5418
Resolution limits (AÊ ) 2.8 2.8 2.8 2.8 2.7
Total observations 74495 74877 75369 71396 269241
Unique observations 8570 8781 8666 8496 9321
Rsym 0.064 0.070 0.083 0.069 0.046
Rsym (last shell) 0.194 0.223 0.229 0.232 0.176
I/sigma (last shell) 6.1 4.9 3.9 4.4 12.2
Completeness 0.952 0.926 0.938 0.938 0.996
Completeness (last shell) 0.871 0.830 0.860 0.869 1.0
Model Refinement
Rcryst/Rfree 0.216 0.260
Resolution 8.0±2.7 AÊ
rms deviations from stereochemical target values
rms deviation, bond length (AÊ ) 0.007
rms deviation, bond angles (8) 1.36
Rsym 5 Sj|Ij 2 ,Ij.|/SjIj, where ,Ij. is the average intensity of reflection j for its symmetry equivalents.
Rcryst and Rfree 5 S|Fo 2 kFc|/SFo, where Fo and Fc are the observed and calculated structure factor amplitudes. Rfree was calculated with 10%
of the reflections not used during refinement.
et al., 1998). The crystal structure of the AAG-DNA com- DNA surface (1034 AÊ 2, measured with a 1.4 AÊ probe) is
similar to that of the UDG-DNA complex (Slupphaug etplex was determined by a four-wavelength anomalous
al., 1996), but significantly less than the binding interfacediffraction experiment using crystals of selenomethionyl
of the cytosine methyltransferases, which wrap aroundprotein. The resulting model has been refined to an R
DNA and extrude the cytidine targeted for methylationfactor of 0.22 (Rfree 5 0.26) against diffraction data ex-
(Klimasauskas et al., 1994; Reinisch et al., 1995). Thetending to 2.7 AÊ resolution (Table 1).
limited extent of AAG's DNA interaction surface, to-The AAG protein is a single domain of mixed a/b
gether with the absence of sequence-specific interac-structure with seven a helices and eight b strands. The
tions with the DNA bases, might facilitate substrate lo-core of the protein consists of a curved, antiparallel b
calization by sliding of the protein along DNA (Verdinesheet with a protruding b hairpin (b3b4) that inserts into
and Bruner, 1997).the minor groove of the bound DNA (Figures 1A and
The DNA on the whole is a B-form helix that bends1B). A series of a helices and connecting loops form the
away from the protein, limiting the extent of the protein±remainder of the DNA binding interface. A search of the
DNA interface (Figure 1A). The DNA is kinked whereprotein structural database did not reveal any proteins
Tyr-162 intercalates between base pairs, contributingwith a similar fold (the DALI server; Holm and Sander,
to the overall bending angle of 228 across the central1993). Thus, AAG and the homologous mammalian
eight base pairs (calculated with CURVES; Lavery and3-methyladenine DNA glycosylases form a distinct struc-
Sklenar, 1989). The amount of DNA bending is temperedtural group that lacks the helix-hairpin-helix motif asso-
by crystal packing contacts that realign the ends ofciated with other base excision-repair proteins (Thayer
neighboring DNAs for base-pairing interactions. Theet al., 1995; Doherty et al., 1996; Labahn et al., 1996;
pyrrolidine abasic nucleotide is looped out of the DNANash et al., 1996; Yamagata et al., 1996).
helix by crankshaft-like rotations about the bonds of the
phosphodiester backbone. This extrahelical conforma-
DNA Distortions and Nucleotide Flipping tion of the abasic nucleotide is achieved primarily by
The DNA is held in the complex by two clusters of basic rotation about the P-O59 bond (a angle) and the O39-P
residues that contact the phosphodiester backbone on bond (z angle) on either side of the pyrrolidine site (Fig-
either side of the pyrrolidine abasic site (Figure 1B). This ures 2A and 2B). A similar conformation is observed
relatively flat DNA binding surface is interrupted by the for the flipped-out uridine of the UDG-DNA complex
b3b4 hairpin, which juts into the minor groove and dis- (Slupphaug et al., 1996) and the abasic DNA product
places the nucleotide targeted for base excision. The complexed to E. coli mismatch-specific uracil glycosyl-
pyrrolidine abasic nucleotide is secured in the enzyme ase (Barrett et al., 1998). Tyr-162, situated on the turn of
active site by protein contacts to the flanking phos- the b3b4 hairpin of AAG, intercalates between the bases
phates. AAG acts exclusively on duplex DNA, and it that flank the flipped-out pyrrolidine ring, neatly filling the
contacts both DNA strands to similar extents (Figure gap. On the opposite strand, thymine T19 is pushed about
1C). In contrast, uracil DNA glycosylase (UDG) efficiently 1.5 AÊ into the major groove by the intercalating tyrosine
removes uracil from both single-stranded and double- (Figures 1A and 1B). As a result, adenine A18 is not fully
stranded DNAs, and the crystal structure of a UDG-DNA stacked against thymine T19 (see Figure 1C for locations).
complex shows that all but one contact is made to the AAG does not specify a preference for the base paired
uracil-containing strand of the DNA (Slupphaug et al., opposite a substrate base (Saparbaev and Laval, 1994;
Saparbaev et al., 1995), and no specific contacts are made1996). In the AAG-DNA complex, the extent of the buried
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to T19 located opposite the pyrrolidine abasic nucleotide.
This lack of base-pairing specificity contrasts with the
strict specificity shown by DNA glycosylases that remove
mispaired or miscoding bases from DNA (for examples,
see Weibauer and Jiricny, 1990; Michaels et al., 1992;
Nash et al., 1996; BjùraÊ s et al., 1997; Girard et al., 1997;
Radicella et al., 1997; Barrett et al., 1998). No other interac-
tions of the AAG protein with the DNA bases are seen in
the crystal structure. The intrusion of AAG into the minor
groove widens the groove at the position of the pyrrolidine
and at nearby base pairs in the 39 direction along the
pyrrolidine-containing strand. Met-164 and Tyr-165, lo-
cated on the b3b4 turn, fill the minor groove and push
against the sugars of T19 and T9, respectively (Figure 3),
expanding the minor groove width by more than 2.0 AÊ
immediately 39 of the pyrrolidine (the width of the minor
groove is defined as the closest O49-O49 distance less 2.8
AÊ , the van der Waals radii of the two oxygens). These
distortions of the minor groove are asymmetric with re-
spect to the pyrrolidine target, perhaps reflecting a unidi-
rectional mode of surveying DNA to efficiently locate dam-
aged bases (discussed below).
A Catalytic Water in the Active Site
Difference electron density (Fo2Fc) within the active site
cavity clearly shows a water molecule positioned near N49
of the pyrrolidine ring (Figure 2A). This water is at the
center of a hydrogen bonding network that links the pyr-
rolidine nucleotide to the side chains of Glu-125 and Arg-
182 and the main chain carbonyl of Val-262 (Figure 2B).
The pyrrolidine's participation in this hydrogen bonding
scheme likely contributes to its strong binding to AAG
(SchaÈ rer et al., 1998). By analogy to the cleavage of poly-
saccharides by glycosidases (McCarter and Withers, 1994)
and N-glycosidic bonds in nucleosides by nucleoside hy-
drolase (Schramm et al., 1994), the hydrolysis of N-glyco-
sylic bonds by DNA glycosylases is likely to involve a
transition state with considerable oxocarbenium ion char-
acter. The pyrrolidine abasic nucleotide mimics this posi-
tively charged intermediate, and it strongly inhibits AAG
and other DNA glycosylases (SchaÈ rer et al., 1995, 1998).
To investigate the catalytic mechanism of AAG, a
3-methyladenosine substrate was modeled into the ac-
tive site (Figure 4). 3-methyladenosine was superim-
posed on the pyrrolidine ring, and the glycosylic bond
(x angle) was rotated to minimize steric clashes between
the base and the active site residues. A good fit of the
modified base in the active site was obtained with the
x angle approximately 608 away from its orientation in
Figure 1. Structure of Human AAG Complexed to DNA B-form DNA. This model of a nucleotide substrate in
(A) Crystal structure of 3-methyladenine DNA glycosylase (AAG) the active site strongly suggests that the bound water
complexed to DNA containing a pyrrolidine abasic nucleotide (red),
molecule is the nucleophile that is activated by nearbya potent inhibitor of the enzyme. AAG binds in the minor groove of
DNA and expels the pyrrolidine into the enzyme active site. Tyr-162
(purple) intercalates in the space left by the flipped2out abasic
nucleotide. Protein contacts to the phosphates and sugars of the
DNA backbone widen the minor groove and bend the DNA away lines) with residues of the active site. Tyr-162, Met-164, and Tyr-
from the protein. 165 stabilize the distorted conformation of the DNA in the vicinity
(B) The positively charged surface (blue) of AAG in contact with the of the abasic nucleotide through a series of van der Waals contacts
DNA is interrupted by a nonpolar protuberance that is crowned by (wavy lines; see text and Figure 3). Hydrogen bonds and salt bridges
the intercalating residue Tyr-162. The enzyme active site (arrow) (solid lines) with the DNA backbone anchor the protein to DNA.
includes the acidic residue Glu-125 (red). Residues with main chain atoms contacting the DNA are indicated
(C) Schematic diagram of the protein-DNA contacts. The pyrrolidine by the prefix ªmc.º Figures 1A, 2, 3, 4A, and 6 were created with
abasic nucleotide (Pyr7) is in an extrahelical conformation, and it the program SETOR (Evans, 1993). Figure 1B was prepared with the
participates in a number of water-mediated interactions (dashed program GRASP (Nicholls et al., 1991).
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Figure 2. The AAG Active Site
(A) The experimental electron density map (blue; contoured at 1.25 s above the mean value) is shown in the region of the flipped2out
pyrrolidine abasic nucleotide. Residues of the active site coordinate a water molecule (red sphere) that is implicated in the glycosylase
reaction. Fo2Fc difference electron density (red grid; contoured at 3.0 s above the mean), calculated with phases from the model refined with
the water omitted, clearly shows the bound water.
(B) The active site water forms hydrogen bonds (dotted lines) with Glu-125, Arg-182, the main chain carbonyl of Val-262, and N49 of the
pyrrolidine abasic nucleotide (Pyr7).
(C) Stereo view of the active site showing experimental electron density (blue) modeled as a Tris molecule (purple) occupying the proposed
binding site for electropositive, alkylated bases.
amino acids. The bound water is nearly aligned for attack in related DNA glycosylases (Figure 5), presumably re-
flecting their importance in the reaction chemistry.of the N-glycosylic bond with subsequent release of the
alkylated base via a backside displacement mechanism.
In contrast to N49 of the pyrrolidine ring with its attached Binding to Extrahelical Bases
protons, O49 of a 29-deoxyribonucleoside substrate An island of unassigned experimental electron density
would not attract the water, enabling its alignment for is present within the proposed binding site for alkylated
attack of the anomeric carbon. Glu-125 could act as a bases (Figure 2B). The shape of the density together with
general base, deprotonating the water for nucleophilic the electrostatic properties of the surrounding protein
attack of the sugar. The side chain of Glu-125 is held in suggest that a tris(hydroxymethyl)aminomethane (Tris)
position by a hydrogen bond from Tyr-127, the same molecule occupies this site in the crystal structure. The
residue that stacks against the methylated base mod- Tris stacks between Tyr-127 and His-136, and it hydro-
eled in the active site. Arg-182 might promote activation gen bonds with Asn-169 and the main chain amine of
of the nucleophile by stabilizing the incipient hydroxide His-136. The positively charged Tris apparently mimics
ion through direct hydrogen bonding. Arg-182 also di- the electron-deficient alkylated bases that are predicted
rectly contacts the phosphate 39 of the pyrrolidine, and to bind in this pocket. A 3-methyladenine modeled in
its side chain is held in this orientation by Ser-286 (Figure this binding site stacks against the face of Tyr-127, but
it does not reach far enough into the cavity to stack4). All of these active site residues are strictly conserved
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DNA glycosylase II (AlkA protein; Labahn et al., 1996;
Yamagata et al., 1996). In addition to these proposed
p-stacking interactions, a slight repositioning of Asn-
169 in the AAG active site could allow it to hydrogen
bond with N1 of the modeled 3-methyladenine (Figure
4). The vinyl chloride adduct of adenosine, 1,N6-etheno-
29-deoxyadenosine, is also efficiently excised from DNA
by AAG (Dosanjh et al., 1994), and the additional bulk
of this modified purine ring can be accommodated in
the binding pocket described here.
Electron-deficient, alkylated bases in DNA might be
targeted for excision by virtue of their positive charge
instead of their abnormal shapes, as suggested by Lin-
dahl (Lindahl, 1982). Aromatic residues, which can stack
favorably with a positively charged base (Ishida et al.,
Figure 3. Residues that Intercalate into the Minor Groove 1988; Ma and Dougherty, 1997), are a prominent feature
Three residues located near the tip of the b3b4 hairpin pack against of several known and proposed binding sites for alkyl-
nucleotides surrounding the pyrrolidine abasic nucleotide (Pyr7) to ated purines. For example, the active site of the AlkA
stabilize the DNA in a distorted conformation. Tyr-162 is fully interca-
glycosylase features a catalytically essential asparticlated between guanine G6 and thymine T8, and it pushes thymine
acid surrounded by aromatic side chains (Figure 6; La-T19 of the opposing DNA strand into the major groove. Met-164
bahn et al., 1996; Yamagata et al., 1996). More recently,and Tyr-165 make van der Waals contacts (spheres) with sugars of
thymidine T19 and T9, respectively, widening the minor groove on several RNA binding proteins have been shown to use
this side of the pyrrolidine site. See Figure 1C for the DNA numbering this strategy for specific recognition of the methylated
scheme. guanosine cap of mRNAs. 7-methylguanosine diphos-
phate stacks between a tyrosine and a phenylalanine in
the crystal structure of the vaccinia VP39 cap methyl-
against His-136 (Figure 4). The edge of Tyr-159 contacts transferase complexed to this nucleotide mimic of the
the the other face of the methylated base, and Leu-180 mRNA cap (Hodel et al., 1996). The mRNA translation
makes a hydrophobic contact with the C3-methyl group initiation factor eIF4E binds 7-methylguanosine diphos-
of the base. We did not adjust the orientations of side phate in a sandwich between two tryptophan side chains
chains surrounding the modeled nucleotide, and they (Marcotrigiano et al., 1997; Matsuo et al., 1997). We have
could shift somewhat upon binding to a substrate base. proposed that aromatic side chains in the substrate
For example, the Tyr-159 side chain could rotate so that binding pockets of the AAG and AlkA glycosylases (Fig-
it stacks face-to-face with the alkylated base, sandwich- ure 6) capture methylated bases in a similar manner.
ing the substrate base between Tyr-159 and Tyr-127. Remarkably, despite the lack of similarity in the overall
This strategy of recognizing electron-deficient alkylated three-dimensional structure of AAG to AlkA, the two
bases in DNA via p-electron stacking interactions with proteins appear to use a similar p-electron stacking
aromatic side chains of the protein has been proposed strategy to recognize their diverse array of substrate
bases.for a functional analog of AAG, E. coli 3-methyladenine
Figure 4. Proposed Substrate Binding and Reaction Mechanism
(A) Superposition of a 3-methyladenosine substrate (purple) on the pyrrolidine inhibitor in the crystal structure of AAG. The methylated base
stacks between Tyr-127 and Tyr-159, which are in the conformations observed in the crystal structure of the pyrrolidine complex. The bound
water (cf., Figure 2) is aligned for a backside attack of the anomeric C19 carbon of the nucleotide, which would displace the modified base.
Glu-125 could assist in deprotonating the water for nucleophilic attack of the sugar. Arg-182 would stabilize the hydroxide nucleophile,
increasing its concentration in the active site. Interactions involving the active site water and nearby residues are shown by dotted lines.
(B) The proposed mechanism for glycosylic bond cleavage, based on the crystal structure (see text for details). Tyr-159 is shown in a
conformation that allows it to stack against the DNA base.
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Figure 5. Aligned Sequences of Alkylbase-DNA Repair Enzymes
Aligned sequences of human AAG and related known or putative DNA glycosylases, with the a helices (cylinders), b strands (arrows), and
two disordered loops (dashed lines) of the AAG crystal structure shown below the sequences. The AAG residue numbers are listed above
the sequences. The aligned sequences include 3-methyladenine DNA glycosylases from human (AAG), mouse, rat, Arabadopsis thaliana, and
Bacillus subtilis, as well as putative glycosylases from Borrelia bergdorfi and Myocbacterium tuberculosis. Several related proteins from other
Mycobacterium species are not shown. The strictly conserved residues are shaded purple in the alignment. Positions with conservative residue
substitutions are shaded yellow. The mammalian and plant glycosylases have an N-terminal segment that is not required for the excision of
alkylated bases from DNA (see text). The crystallized AAG protein lacks residues 1±79 of this nonconserved N-terminal segment. Most of the
highly conserved residues are located either in the buried core of the AAG protein or around the active site (cf., Figures 1C and 4). The
intercalating Tyr-162 of AAG is replaced by histidine in two of the bacterial enzymes. Homologous sequences were identified with PSI-BLAST
(Altschul et al., 1997), and the sequences were aligned with CLUSTAL W (Thompson et al., 1994). The printed sequence alignment was
formatted with the program ALSCRIPT (Barton, 1993).
Locating Alkylated Bases in DNA the subsequent flipping of neighboring nucleotides as
the protein slides along DNA searching for alkylationSeveral of the modified bases that are efficiently excised
by AAG are known to cause little or no distortion of the damage. Uracil DNA glycosylase faces a similar problem
in locating uracil paired with adenine in B-form DNA, andDNA double helix (Xuan and Weber, 1992; Ezaz-Nikpay
and Verdine, 1994; Leonard et al., 1994), making it diffi- both mammalian and bacterial uracil-DNA glycosylases
scan DNA in a processive manner to locate uracil sub-cult for the repair enzyme to locate the damaged base
through any superficial scanning of the DNA surface. strates (Bennett et al., 1995). In the AAG protein, Tyr-
162, Met-164, and Tyr-165 form a rigid structure thatThe crystal structure of AAG complexed to DNA does
not offer an obvious means of detecting alkylated bases appears to be responsible for flipping nucleotides and
causing an asymmetric distortion of the minor groovewhen they are buried in duplex DNA, nor is this mode
of recognition likely because AAG targets a structurally (Figures 1C and 3). Tyr-162 intercalates into the DNA at
the position of the nucleotide targeted for excision, anddiverse group of bases with modifications affecting the
major groove or the minor groove edge of the base. Met-164 and Tyr-165 selectively widen the minor groove
on the 39 side of the target nucleotide.Thus, as proposed for AlkA (Verdine and Bruner, 1997),
it seems likely that AAG must partially or completely This asymmetry in the protein-DNA interface might
favor the diffusion of the protein in one direction alongunstack nucleotides from the DNA helix to find the alkyl-
ated bases that are substrates for the glycosylase. Once DNA. Met-164 and Tyr-162 push against the sugar and
the base, respectively, of T19 to move it into the majora nucleotide has been rotated into an extrahelical con-
formation, this local melting of the DNA might facilitate groove (Figure 3). This repositioning of T19 destabilizes
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Figure 6. Comparison of Human and E. coli
3-methyladenine DNA Glycosylases
Ribbon diagrams of human AAG (left; shown
with the DNA removed) and E. coli AlkA (right;
Labahn et al., 1996) excision repair glycosyl-
ases that excise similar, structurally diverse
alkylated bases from DNA. The aromatic resi-
dues (green) in the proposed binding sites for
alkylated bases and the acidic residues (red)
implicated in catalysis of glycosylic bond
cleavage are shown. AlkA's helix-hairpin-
helix (HhH) motif is highlighted in red. The
AAG protein has a different fold that lacks the
HhH motif. A prominent b hairpin in AAG (red)
supports the DNA intercalating residue Tyr-
162 (cf., Figure 1). Disordered loops in the
crystal structure of AAG are shown as dotted
segments.
its stacking interaction with A18. From this starting point subtilis (Morohoshi et al., 1993), Arabidopsis thaliana
(Santerre and Britt, 1994), and Mycobacterium tubercu-observed in the crystal structure, a concerted series of
DNA conformational changes can be envisioned that losis (Cole et al., 1998; Figure 5). Most of the highly
conserved residues within this more divergent group ofwould allow the protein to processively slide along DNA
and flip nucleotides into the substrate binding site of sequences are located either within the buried core of
the AAG protein fold or in the proposed active site. Thisthe protein. The protein would experience diffusional
collisions that exert forces in both directions along the distribution of conserved residues suggests that these
proteins have similar folds and employ related catalytichelical axis of the DNA. Movement in the positive direc-
tion (toward the 39 end of the pyrrolidine-containing strategies for glycosylic bond cleavage. It is notable
that the intercalating residue Tyr-162 is replaced by astrand) would be favored by a progressive distortion of
DNA that destabilizes base-pairing interactions ahead histidine in the sequences from B. subtilis and M. tuber-
culosis. A leucine plays a similar role in displacing aof the protein as it slides along the DNA. The diminished
stacking interactions between A18 and T19 (Figure 3) uridine from DNA in crystal structures of the human
uracil DNA glycosylase (Slupphaug et al., 1996) and thecould be compensated for by the rotation of A18 into
the major groove, weakening its Watson-Crick bonding E. coli mismatch-specific uracil glycosylase (Barrett et
al., 1998).with T8. Tyr-165 concurrently pushes against the sugar
of T9, destabilizing its stacking interaction with T8. This The 3-methyladenine DNA glycosylases from S. cere-
visiae and S. pombe (Berdal et al., 1990; Chen et al.,local unstacking of several base pairs would lessen the
energetic cost of flipping the next nucleotide out of the 1990; Memisoglu and Samson, 1996) and the E. coli AlkA
protein (3-methyladenine DNA glycosylase II; Clarke etDNA helix. Sliding of the protein along DNA in the nega-
tive direction is strongly hindered by the stacking of Tyr- al., 1984) constitute a second family of broadly-specific
glycosylases that repair alkylated DNA. Although struc-162 against the undistorted G6-C20 base pair (Figure
3). In the positive direction, however, the weakened T8- turally unrelated to the human AAG glycosylase (Figure
6), the structure of the the E. coli AlkA glycosylase (La-A18 base pair might pose less of a barrier to diffusion
of the protein. In this scheme, diffusional collisions that bahn et al., 1996; Yamagata et al., 1996) closely resem-
bles that of E. coli endonuclease III (endo III; Kuo et al.,drive the protein in the positive direction cause Tyr-162
and Tyr-165 to squeeze T8 out of the DNA helix. AAG 1992; Thayer et al., 1995), an N-glycosylase that excises
oxidized pyrimidines from DNA. This structural corre-plows along the DNA in a processive manner, inducing
cooperative distortions of the double helix that expose spondence is striking in view of the extremely limited
sequence homology of AlkA and Endo III, which is re-nucleotides to the enzyme active site as a means of
finding modified bases in DNA. Earlier reports support stricted to a conserved helix-hairpin-helix (HhH) motif
on one side of the active site cleft, opposite a catalyticthe notion that AAG can productively interact with un-
modified nucleotides in DNA, a prerequisite of this pro- aspartic acid (Thayer et al., 1995; Labahn et al., 1996;
Yamagata et al., 1996). The HhH-aspartic acid motif iscessive sliding model for locating damage in DNA. Puri-
fied AAG protein excises unmodified bases from DNA also found in sequences of eukaryotic 8-oxoguanine
DNA glycosylases (Nash et al., 1996; van der Kemp etat a low but significant rate (Berdal et al., 1998). This
activity toward normal DNA might underlie the increase al., 1996; Radicella et al., 1997). The structural similarity
of AlkA and endo III, together with the widespread occur-in spontaneous mutations in cells overproducing AAG
or the yeast MAG glycosylase (Glassner et al., 1998). rence of the HhH-aspartic acid motif, may portend a
common protein fold for this group of functionally di-
verse DNA glycosylases.Two Families of Alkylation Repair DNA Glycosylases
The mammalian 3-methyladenine DNA glycosylases are E. coli AlkA and human AAG represent two convergent
solutions to the problem of locating alkylated basesclosely related to one another, and they have striking
regional similarities with known or putative glycosylases in DNA. Although their primary sequences and three-
dimensional structures are unrelated (Figure 6), thefrom Borrelia burgdorferi (Fraser et al., 1997), Bacillus
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(Abrahams and Leslie, 1996), yielding a map of excellent quality thatbroadly overlapping substrate specificities of AlkA and
clearly showed the DNA helix and features of protein secondaryAAG are suggestive of common themes in DNA recogni-
structure. Model building and rebuilding were performed with thetion and catalysis of glycosylic bond cleavage. Both
program O (Jones and Kjeldgaard, 1992). Most of the AAG-DNA
enzymes feature active sites that are rich in aromatic model was built directly into the experimental MAD map, and the
residues suitable for recognition of electron-deficient, subsequent refitting of the model to the electron density was guided
by sA-weighted maps (Read, 1986). The known positions of thealkylated bases, and an acidic residue that could acti-
selenomethionine residues further confirmed our assignment of resi-vate water for nucleophilic attack of the glycosylic bond.
dues into the electron density. The model was refined by PowellOutside of the active site, however, many structural dif-
conjugate gradient minimization and torsion angle-restrained mo-ferences in the two proteins foretell different strategies
lecular dynamics using the Crystallography and NMR System (CNS
for extruding alkylated bases from DNA. version 0.3c; Adams et al., 1997; BruÈ nger et al., 1998). The success
of model refinement was evaluated at each stage by the change in
the free R factor (BruÈ nger, 1992) and inspection of stereochemicalExperimental Procedures
parameters with the program PROCHECK (Laskowski et al., 1993).
The current model includes 200 residues, 26 nucleotides, and 41Crystallization and Data Collection
molecules of water with refined temperature factors of less than 50AAG was overproduced from a T7 gene 10 promoter in BL21-pLysS
AÊ 2. Density is not seen for protein residues 200±207, 247±254, andE. coli (Novagen) and purified to homogeneity using three chromato-
296±298. These disordered segments are omitted from the modelgraphic steps: diethylaminoethyl cellulose anion exchange (What-
(dashed lines in Figure 5). Interpretable electron density is lackingman), sulfopropyl sepharose cation exchange (Sigma), and Sepha-
for the sidechains of residues Gln-142, Arg-147, Thr-199, Lys-210,cryl S-200 HR gel filtration (Amersham Pharmacia Biotech).
Val-291, and Gln-294, so these residues are modeled as alanines.Selenomethionyl AAG was produced in E. coli (Van Duyne et al.,
1993; DoublieÂ , 1997), and strictly reducing conditions were main-
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